Considering the importance of maintaining effective performance at desired levels, the Transportation Adaptability Performance Index, as a weighted multi-criteria combination approach, is proposed to continuously identifying the performance of degradable transportation networks and making effective supplement, contrapuntal revision and intime adjustment of the program implementation process, in response to new requirements of the urban system. For the design of strategic and quantitative methodology, 50 variables belonging to 8 domains in 2 components are chosen as the original input inherently reflecting the various interests of involved stakeholders. Specifically, the paired comparison matrix of the domain is constructed by the analytic hierarchy process to weight the importance of each single variable. If the consistency of the matrix is acceptable, the domain weight in two components is determined directly through the singular value decomposition approach and while the consistency level is unacceptable, the significant element in the matrix is identified and revised until the consistency satisfies the constraint. The methodology is then applied to evaluate the performance of transportation networks in Beijing metropolitan region using the derived 2000~2010 data and the findings indicate that the hidden and potential problems could be quantitatively identified by this approach that can be used as a user-friendly tool for metropolitan planning organizations in assessing the effectiveness and efficiency of in-service infrastructures, updating plans, setting priorities and optimizing resource allocation for next step.
Introduction
To evaluate the effectiveness of transportation planning in urban regions, the interaction between all the activities in the urban regions and their relevant impact in the urban economy, the society and the ecological environment must be taken into consideration together since the primary purpose of transportation planning is to construct a viable and efficient support for urban economy development, maintain the equity and social inclusion and reduce the environmentally negative impacts [1] . Concerning this statement, it is very important to evaluate the transportation network performance in order to diagnose the existing problems in the implementation process and adequate it to a real sustainable urban development.
Performance variables, also known as performance objectives, targets, measures, or measures of effectiveness (MOEs), are indicators that evaluate the progress toward "success" in achieving the original stated goals or aims. Though it is not specific to transportation, much has been reported regarding the use of performance variables to monitor and improve the effectiveness of the implementing transportation programs and more than 500 detailed variables have been developed [2, 3] . Such performance variables may track one specific goal: with a focus on congestion, a series of congestion related variables may be unarguably able to monitor the system's operation and efficiency [4] . However, the growing recognition of the inevitability of traffic congestion gauges progress towards a new philosophy of transportation planning strategies [5, 6] , which include not only expansion of existing facilities, but better operation harmony in an overall system of environment, society and economy dependently.
Unlike the capacity-oriented concept, sustainable transportation planning is about a multimodal transportation network providing mobility and safety to its users, and considers transportation planning as a part of the urban system and is concerned with the goals of safety, livable communities, economic, energy, land use and air quality [4, 7] . Most recently, therefore, how to measure and assess the effectiveness of implementing transportation planning in supporting urban system has attracted various research interests [8, 9] , especially in developing countries like China [10] , so as to provide a direct understanding for the different involved stakeholders (planners, builders, managers and users) as well as to contribute a shift in reconsidering the draft programs and implementation plans [11] . Nowadays, long-range transportation planning (LRTP) is too little and LRTPs mostly have evolved from their initial long-range plans into short-term programs by enriching and updating the early agreements at different implementation stages in a project's budget, design, and schedule [12] . For example, an updated LRTP (Six Year Improvement Programs, SYIP), in Hampton Roads region of Virginia, is actually used rather than seeing consistent in 25-year period [2] .
Unfortunately, however, similar issues have not been considered as a part of the overall transportation planning process for decades in Chinese cities. Despite having released its first LRTP in the beginning of 1980s, Beijing has drafted a new LRTP that lasted until 2004, and during these periods, few new demands were considered and supplemented to certain contents [13] . Therefore, as expected, it is necessary to develop a monitoring and evaluating procedure based on transportation variables related to urban system dimensions in China [14, 15] . Hence, this paper presents research contributing to optimize some performance variables that characterize transportation adaptability for China's specific condition in the metropolitan area and formulate an indicator based multi-criteria modeling process.
Data
Obviously, transportation planning is independent from environment, society and economy, and thus an effective and adaptable project should support the effective development of the urban system [16, 17] , which features five objectives accordingly: 1) human-oriented facilities and livable streets; 2) friendly accessibility, health and safety; 3) equity and social inclusion; 4) support of a viable and efficient economy; 5) protection of the natural and ecological environment.
For simplification, the performance variables here are categorized into two components (Component A and B) belonging to 8 domains, namely: a) social development, b) economic growth, c) life quality, d) ecological environment, e) reliability, f) efficiency, g) safety, h) operation. The first four domains in Component A are summarized as they highlight the systemic urban development progress while being more or less, directly or indirectly, influenced by the level of transportation network performance. The last four domains in Component B are of most significance in extensively monitoring and reporting the transportation network performance in detail.
To illustrate the applicability of the multi-criteria variable approach in measuring the performance of transportation networks, this study has used the Beijing metropolitan region as a case study. During the recent two decades, the population of Beijing city and vehicle ownership have grown rapidly, which has brought increasing challenges to the transportation networks [13] . In response to the increasing traffic demand, the transportation authorities have invested to develop an effective transit-oriented urban transport system to tickle the traffic congestion problems [13, 14, 17] . Here, 50 single variables are originally developed, as shown in Tables 1 and 2, respectively, for   estimating  the  performance  of  regional  transportation plans and operations, as a case  example, and Table 3 
For the-smaller-the-better variable (type II):
3. Methodology
Single variable integration
In each domain, there are no less than two single variables and each variable has a different contribution or influence on the total performance of domain. Here we assume that the importance of an individual variable is specified as a proportion of deviation of the given-domain variable to the cumulative deviations of all variables. For domain i with m variables, the deviations of variable j over n years can be given as
, and, therefore, the solution of the weight vector for domain i refers to the optimization access [18] :
And, thus, it reaches the weight expression as: Table 3 . Data acquisition and performance variables for Component A. 
Domain Weight Estimation with Paired
Comparison Matrix [19] To form the paired comparison matrix for weighting the importance of each domain in two components, different stakeholders are interviewed in order to reflect their personal opinions and feelings on each domain, and each component pair (m, n) as a comparison judgment r mn (m, n = 1, 2,…, 4) in response to the importance ratio of variables m and n is developed by assigning a number from Satty's nine-point scale, where, 1 represented "equal importance", 3 denoted "moderate importance", 5 stood for "strong importance", 7 meant "very strong importance", and 9 was "extreme importance", representing the ratio of their importance contributing to their upper-level component [20] .
Thus, each comparison value a ij equals to 
For an input matrix A∈R m×n , with rank r, r ≤ min(m, n), the SVD of A can be written in the form of [21] : Let a pairwise comparison matrix A be given, where a ij = 1/a ji and a ij = a ik /a jk for any i, j, and k, thus it is a positive matrix with reciprocality and consistency and its weight satisfies [22] :
But if a ij is not always equal to a ik /a jk for all i, j, and k, the consistency of matrix A is acceptable, and the determination of the weight vector could be converted into [22] :
That is, the weight vector is expanded into: [19] For a paired comparison matrix A, its consistency should be checked through the CR value, according to Satty's formula [20] . If CR > 0.1, the matrix A is invalid in consistency and should be adjusted repeatedly until CR ≤ 0.1.
Generally, their distance between two real numbers x and y is defined as:
For a pairwise comparison matrix with low level of inconsistency, the distance between each row vector e i and the W vector corresponding to λ max is given by [23] :
and all row vectors fluctuate around W and the fluctuation amplitude also reflects its level of inconsistency. Obviously, the row vector with the longest distance to W has the most significant effect on the matrix consistency. Subsequently, the row L of significant element e LH in inconsistency 
The element e HL in matrix A is then replaced by
and the consistency of pair comparison matrix A is improved. Thus, the weigh vector could be determined by Eq. (8) or (10).
Performance Indicator Profile
Thereafter, the total contribution of specific variables and domains to the performance of a specific transportation planning project and operation could be measured by the single variables integrated from domains to components. Particularly, the performances of component A (urban system) and component B (transportation network) can be statistically re-weighted through the domain performances as:
urb, tra urb, tra urb, tra
To measure the overall performance of transportation network quantitatively, an indicator, Transportation Adaptability Performance Index (TAPI), is formatted to monitor and keep track of the planning process in the interval and help understand precisely how the implementation process is going over time, on the assumption that the performance of transportation planning and operation could be quantified by the integration and combination of the single variable.
Here TAPI is specified as the ratio of performance differences (I urb & I tra ) of the two components over t, and it yields a generalized ordered model as [19] : 
Results and Findings

Single Variable Assessment
By Eqs. (1) - (2), the single variable in each domain is normalized into a comparable standardized value. The deviation of a given variable in any domain could be counted out and the weight vectors of domains are to be acquired by Eq. (4). Consequently, the performances of the 8 domains are quantitatively evaluated by Eq. (5), respectively, as shown in Figure  1 .
Clearly, we can see most performance domains experienced an increasing process during 2000-2010. However, the scores of social development declined year by year and, more seriously, the yearly performance of this domain scored under 0.5 after 2005, which provides an urgent alarm to promote the social equality and balance of resources, income and wealth. Moreover, the life quality domain scored much lower than expected, due to the inflation of currency, and most interviewers feel the increasing burdens of daily expenditures. We also see a significant improvement in the ecological environment.
The transportation network plays an important role in promoting the development of society and economy. The transportation network has made a significant progress in Beijing metropolitan region, especially when it comes to public transport (BRT system, low bus and subway fares, etc.). As for the domains of O 5 ~ O 8 , the measured performance values also increased over these years, and the performance score of efficiency even reached 0.7687 in 2010. But the reliability of the transportation network still scored below 0.52, and this could be because of the lack of effective use of the present transportation network and facilities. Moreover, both operation and safety scored under 0.74 and have a great scope for further improvement.
Estimation of Domain Weight
The performance of components A and B can be perceived and measured through the weighted integration of domains using Eq. (15) ]. The selected interviews are distributed among the three levels: five interviews with planning agencies, four with planning practitioners, seven with manager groups (e. g., governmental departments, traffic management, transit companies.), and nine A survey and a brief description of it were appended to the interviews, including the goals, contents, and standards. All interviews were recorded. In the end, 4 individuals did not respond to the invitation and a total of 3 did not give the judging value among the rest 21 responses, thus a total of 18 valid samples were received. (Table 6 ).
In the end, the weight vector of Component B is determined as Table 6 . Consistency improvement items of R tra.
TAPI Measure Determination
As soon as the determination of the domain weights had been performed, we yielded the weighted combination Iurb and Itra yearly by Eq. (15) Beijing Olympic Games, the government invested billions of dollars to increase the capacity and service of airports, transit systems and major roads, especially safer and more efficient subway lines, which helped to improve the overall performance; however, the operation performances of these two systems tended to take a "balanced" approach in 2009 and 2010, and they got approximately the same score. It is obvious that the change of the TAPI value has undergone a similar regulation or feature over time, as shown in Figure 2 . In addition, TAPI 01-02 measured in 0.150 implies that transportation infrastructure construction and maintenance were lagged behind the requirement of modern social-economic development. This could be explained through the poor transportation network in reliability, efficiency, operation and safety performance caused by few care policies and limited investment within these years. However, the oversize values of TAPI 02-03 , TAPI 03-04 and TAPI 05-06 also indicate that deep concerns have arisen and extensive investment has been made. When transport systems are efficient, they provide economic and social opportunities eventually; at the same time, excessive measures, however, can also bring unavoidable and sharp change in transportation performance, such as the significant increasing of TAPI 05-06 . 
Conclusions
This paper discusses the procedure and findings from research that lead to develop a quantitative methodology and tool for metropolitan transportation agencies to quantify and evaluate the performance of transportation plans during the implementation process. The research is applied to the Beijing metropolitan region as an illustrative study. 50 performance variables linked to social, economic and environmental goals are developed and divided into 8 domains in 2 components, and a weighted multi-criteria combination methodology is used to measure the adaptability index values of different periods, in which the domain weight is estimated from the paired comparison matrix with acceptable consistency through the singular value decomposition approach. Specially, the paired comparison matrix is improved by the modification of the significant element, if its consistency is unacceptable. This methodology is implemented in the form of a user-friendly analysis tool for transportation planning practitioners and can help find the potential problems in transportation plans, implementation processes and fund allocations over a much broader scope and agenda.
There are some important notes from this study and it is very important, but very difficult, to choose and process the effective performance variables over a long period of time for trends. Thus, it is recommended that future research lies in exploring an intelligent data processing technique. How can bridge transportation planning and implementation process be reengineered to be conducted within a multidisciplinary set of perspectives (e.g., energy use, traffic equity, community development)? There is a need for continued or more in-depth discussion on certain topics.
The findings and results show that to promote the transportation planning systematically, whether as a strategy for achieving sustainable urban goals or for other items, a policy maker should recognize the demands from different stakeholders [24] . As for metropolitans in China, more attention has been paid on road expansion and facilities construction as well as on the social (economic) environment improvement; however, the physical environment and human oriented transportation issues have been always neglected, just as in the capital Beijing, characterized by low performance of variables in the ecological environment and traffic opinions. Although it may be one of the most challenging issues to solve, it is apparent that the authority in charge of implementing the plans must have a better understanding and make emphasis on setting up new planning projects. At this stage, the most urgent need is to establish stronger connections between transportation and the urban system; this has not yet been accepted by national metropolitan planning organizations, state transportation agencies, and local counties in China.
